Background: Large randomized clinical trials of patients with type 2 diabetes mellitus (T2DM) and at high risk for cardiovascular disease revealed that sodium-glucose cotransporter 2 (SGLT2) inhibitors significantly reduced renal events. However, the trials included small numbers of patients with moderate-to-severe chronic kidney disease (CKD). Therefore, the renoprotective effects of SGLT2 inhibitors remain unknown in T2DM patients complicated with impaired renal function. We examined if SGLT2 inhibitors conferred beneficial effects on kidney function in T2DM patients with CKD.
Introduction
The incidence of type 2 diabetes mellitus (T2DM) is increasManuscript submitted January 21, 2019, accepted February 22, 2019 a Diabetes Care Center, Jinnouchi Hospital, Kumamoto, Japan b Cardiovascular Division, Diabetes Care Center, Jinnouchi Hospital, Kumamoto, Japan c Division of Preventive Cardiology, Department of Cardiovascular Medicine, Kumamoto University Hospital, Kumamoto, Japan d Pharmacology Division, Diabetes Care Center, Jinnouchi Hospital, Kumamoto, Japan e Infectious Disease Division, Diabetes Care Center, Jinnouchi Hospital, Kumamoto, Japan f Obesity Treatment Division, Diabetes Care Center, Jinnouchi Hospital, Kumamoto, Japan g Gastroenterology Division, Diabetes Care Center, Jinnouchi Hospital, Kumamoto, Japan h Hemodialysis Division, Diabetes Care Center, Jinnouchi Hospital, Kumamoto, Japan i Department of Nephrology, Akebono Clinic, Kumamoto, Japan j Ophthalmology Division, Diabetes Care Center, Jinnouchi Hospital, Kumamoto, Japan k They contributed equally to this study. Renal Effects of SGLT2-Inhibitors in DM and CKD J Clin Med Res. 2019;11 (4) :267-274 ing worldwide [1] . Diabetic nephropathy/diabetic kidney disease is considered a serious complication of T2DM that remains unsolved. It is the leading cause of end stage renal disease (ESRD) and requires treatment with hemodialysis. It therefore represents an important issue in clinical practice and public health [1, 2] . Regarding practical approaches to treating diabetic nephropathy/diabetic kidney disease, clinical assessment of renal damage through measurement of the urine protein-to-creatinine ratio (UPCR) and estimated glomerular filtration rate (eGFR) is recommended to promote active interventions with renoprotective effects [3] . The annual decline in eGFR is a clinically useful biomarker that reflects dynamic and time-dependent changes in renal function [4] . Patients with higher 1-year rates of decline in eGFR (over 7.5%) are considered "rapid eGFR decliners" and are associated with poor renal prognosis in patients with T2DM [5] . Increased attention has been paid to investigating and developing practical strategies for the clinical preservation and improvement of renal function [6, 7] . Patients with chronic kidney disease (CKD) stages 3b-4 are at high risk of developing ESRD, although they are asymptomatic to worsening renal function and progressive kidney disease [7] . In patients with severely impaired kidney function, treatment options for hyperglycemia are limited because of drug metabolic pathways, side effects, and the risk of hypoglycemia [8, 9] . Glucose-lowering therapies that confer renoprotective effects are considered to have additional clinically important effects and advantages for the comprehensive management of T2DM [6, 10, 11] . Recently, we reported that 6-month treatment with dapagliflozin, a sodium glucose cotransporter 2 (SGLT2) inhibitor used globally, provided protective effects from glomerular damage and tubulointerstitial injury in patients with insufficiently controlled T2DM [12] . Large randomized clinical trials conducted in patients with high risk of atherosclerotic cardiovascular disease (ASCVD) revealed that SGLT2 inhibition had protective effects on renal events [13] [14] [15] . However, the trials included small numbers of patients with moderate-to-severe CKD [16] . Compared with patients with normal kidney function, the glucose-lowering effect of SGLT2 inhibitors in advanced CKD patients was diminished [17] . Based on this lack of efficacy, SGLT2 inhibitors are not clinically recommended for the treatment of T2DM patients with impaired renal function (eGFR < 45 mL/min/1.73 m 2 ) [16, 18] . Therefore, the clinical and renoprotective effects of SGLT2 inhibitors have not yet been fully elucidated in T2DM patients with severely impaired renal function.
In the present study, we retrospectively examined whether SGLT2 inhibitor therapy could exert beneficial effects on renal function in T2DM patients with CKD stages 3b-4.
Materials and Methods

Study population and study protocol
Based on clinical information from hospital medical records, we retrospectively identified Japanese outpatients with T2DM who were newly treated with SGLT2 inhibitors between April 2014 and November 2018 in the Diabetes Care Center at Jinnouchi Hospital, one of the largest and most comprehensive private diabetes care centers in Kumamoto, Japan. Among them, we selected patients who also suffered from moderateto-severe renal impairment defined as CKD stages 3b-4 (15 < eGFR < 45 mL/min/1.73 m 2 ) at the initiation of SGLT2 inhibitor therapy. Finally, we selected patients with T2DM and moderate-to-severe renal impairment who continued to use SGLT2 inhibitors for at least 1 year. The exclusion criteria were as follows: type 1 DM, unstable cardiovascular diseases, active inflammation, autoimmune diseases, infectious diseases, severe liver disease, dementia and cancer. Patients with newly diagnosed DM who were not undergoing any form of treatment and those with ketosis were also excluded.
This cohort consisted of patient data obtained from a database at Jinnouchi Hospital. We investigated annual changes in eGFR before and after SGLT2 inhibitor therapy. The primary outcome was a quantitative assessment of annual changes in eGFR (mL/min/1.73 m 2 per year). We analyzed eGFR at 1 year before and 1 year after SGLT2 inhibitor therapy. This was a retrospective, observational, single-arm, and singlecenter study. The study was conducted in accordance with the Declaration of Helsinki and was approved by the Human Ethics Review Committee of Jinnouchi Hospital (2018-4-①). Signed informed consent was obtained from each patient. The study was registered under the UMIN protocol registration system (ID: UMIN000035278).
Assessments and measurement of clinical parameters
We collected clinical information pertaining to medical treatments, complications, and past history. We also collected data on body weight, height, blood pressure, and pulse rate. Analyses of blood and urine were conducted in the hospital laboratory to measure hemoglobin, hematocrit, blood glucose, hemoglobin A1c (HbA1c), creatinine, blood urea nitrogen (BUN), uric acid (UA), urinary protein, and urinary creatinine. For the semiquantitative assessments of urinary protein excretion (negative, borderline, mild, moderate, and severe), we also examined the results of dipstick urine test. The eGFR (mL/min/1.73 m 2 ) was calculated using the formula from the Japanese Society of Nephrology [19] before SGLT2 inhibitor therapy (1 year and 6 months before), at the initiation of SGLT2 inhibitor therapy, and after therapy (6 months and 1 year after). We calculated the annual changes in eGFR by the following formula:
Pre-treatment annual eGFR change = (eGFR at starting SGLT2-inhibitor therapy) -(eGFR at 1-year ago from starting SGLT2-inhibitor therapy)
Post-treatment annual eGFR change = (eGFR after 1-year SGLT2-inhibitor therapy) -(eGFR at starting SGLT2-inhibitor therapy)
Statistical analyses
The primary endpoint of the present study was treatment-in- 
Results
Baseline clinical parameters of patients
A total of 1,187 Japanese stable T2DM patients who were newly treated with SGLT2 inhibitors were initially identified, 46 (3.9%) of whom suffered from moderate-to-severe CKD (stages 3b-4) at the initiation of SGLT2 inhibitor therapy. Four patients were excluded because they were not treated with SGLT2 inhibitors for over 1 year at November 2018. We analyzed a final cohort of 42 patients, whose baseline clinical parameters are shown in Table 1 . Mean age was 64.8 years, 71.4% were male, mean duration of T2DM was 18 years, and mean BMI was 28.2 kg/m 2 . In total, 95.2% of patients were complicated with hypertension and dyslipidemia, 23.8% of whom had a past history of cerebrovascular/cardiovascular diseases. The median HbA1c value was 7.6%, and the patients were treated with an average of three antidiabetic drugs including insulin. Overall, 50.0% of patients were treated with metformin and 71.4% were treated with insulin. The most frequently used SGLT2 inhibitor was dapagliflozin (33.0%).
The attending physicians at Jinnouchi Hospital started SGLT2-inhibitors by own discretion to improve glycemic control; and the starting treatment doses of SGLT2-inhibitor were regularly established in Japanese clinical practice (dapagliflozin: 5 mg/ day; empagliflozin: 10 mg/day; canagliflozin: 100 mg/day; Luseogliflozin: 2.5 mg/day and tofogliflozin: 20 mg/day). Median eGFR was 40.4 mL/min/1.73 m 2 at the initiation of SGLT2 inhibitor therapy. In total, 9.5% of patients had CKD stage 4, while 35.7% of patients had diabetic kidney disease without proteinuria. Data pertaining to quantitative urinary protein excretion were available in 35 patients. Urinary albumin was not measured in the present study. No patient was treated by erythropoietin in the present study.
Changes in clinical and laboratory parameters
The effects of 1-year treatment with SGLT2 inhibitors compared with baseline values are shown in Table 2 . Regarding glycemic control, the levels of HbA1c were improved in 50% of patients and decreased from 7.6% to 7.5% in all subjects, although the decline was not statistically significant (P = 0.17). The patients demonstrated a significant decrease in body weight, BMI, systolic blood pressure, and diastolic blood pressure. As shown in Table 2 , hematocrit and hemoglobin levels were significantly increased. SGLT2 inhibitor therapy decreased serum creatinine levels from 1.38 mg/dL to 1.35 mg/dL, although the change was not statistically significant. No patient developed ESRD (eGFR less than 15 mL/min/1.73 m 2 ) after SGLT2-inhibitor therapy in the present study. We did not find any marked changes in BUN or UA. SGLT2 inhibitor therapy significantly decreased urinary protein excretion assessed by UPCR as shown in Figure 1 (n = 35).
Annual changes in eGFR before and after SGLT2 inhibitor therapy Figure 2 shows the serial values of eGFR before and after SGLT2 inhibitor therapy. We found a significant decrease in 1-year eGFR in the pretreatment period of SGLT2 inhibitor therapy (P < 0.01), but not in the post-treatment period (P = 0.18). At 6 months and 1 year after SGLT2 inhibitor therapy, the levels of eGFR were not significantly different compared with baseline values. Figure 3 and Table 3 show the annual changes in eGFR before and after SGLT2 inhibitor therapy. The slope of eGFR decline was significantly attenuated with the addition of SGLT2 inhibitor therapy (Fig. 2) . We found a significant improvement in the annual decline in eGFR after SGLT2 inhibitor therapy compared with pretreatment values.
To determine the possible association between the changes in renal function and glycemic control during the treatment period, we performed Spearman's rank correlation coefficient analysis between the changes in annual eGFR decline and the changes in HbA1c before and after SGLT2 inhibitor therapy. The changes in annual decline in eGFR were not significantly correlated with the changes in HbA1c (Spearman's ρ = 0.063, P = 0.69).
Subgroup analyses of annual changes in eGFR before and after SGLT2 inhibitor therapy
In patients without baseline proteinuria who were clinically recognized as having diabetic kidney disease but not typical diabetic nephropathy (n = 15) [11] , we found that SGLT2 inhibitor therapy successfully resulted in significant improvement of the
annual decline in eGFR (pre: -3.6 (-6.2 --2.1), vs. post: 0.3 (-0.6 -3.1) mL/min/1.73 m 2 per year, P < 0.01). This study included four patients with severely impaired CKD (stage 4) (15 < eGFR < 30 mL/min/1.73 m 2 ). In these patients, baseline eGFR values were 23.7 ± 5.7 mL/min/1.73 m 2 . Annual changes in eGFR before SGLT2 inhibitor therapy were -3.8 ± 3.2 mL/min/1.73 m 2 per year and those after therapy were -0.7 ± 2.3 mL/min/1.73 m 2 per year. The effects of SGLT2 inhibitor therapy on annual changes in eGFR were consistent with the effects of SGLT2 inhibitors in the entire study population, but the difference was not statistically significant (P = 0.13).
Discussion
The present study demonstrated that add-on treatment with SGLT2 inhibitors for over 1 year resulted in clinically relevant improvements in the annual decline in eGFR and in urinary protein excretion associated with non-significant decreases in HbA1c in T2DM patients with moderate-to-severe CKD. SGLT2i: sodium glucose co-transporter 2 inhibitor; Dapa: dapagliflozin; Empa: empagliflozin; Cana: canagliflozin; Luse: Luseogliflozin; Tofo: tofogliflozin; ACEI: angiotensin converting enzyme inhibitor; ARB: angiotensin-II receptor blocker; eGFR: estimated glomerular filtration rate.
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These findings are promising, and demonstrate the clinical usefulness of SGLT2 inhibitor therapy for renal protection, which may be advantageous in treating T2DM patients complicated with advanced CKD to prevent the progression to ESRD. The incidence of T2DM is increasing globally [1] . Diabetic nephropathy/diabetic kidney disease is considered an unsolved complication of T2DM [2] . Therefore, increased attention has been paid to investigating and developing practical strategies for preventing and improving renal function [3, 6, 7] . We reported that dapagliflozin had protective effects from glomerular damage and tubulointerstitial injury in patients with T2DM [12] . Recently, large randomized clinical trials conducted in patients at high risk for ASCVD revealed that SGLT2 inhibition reduced renal events [13] [14] [15] . However, the trials included small numbers of patients with moderate-to-severe CKD [16] . Therefore, the renoprotective effects of SGLT2 inhibitors are not completely understood in T2DM patients with severely impaired renal function. Herein, we demonstrated that the addon of SGLT2 inhibitor therapy resulted in clinically significant renoprotective effects such as improvements in the annual decline in eGFR, and in urinary protein excretion, in T2DM patients with concomitant CKD stages 3b-4.
Patients with CKD stages 3b-4 are at high risk of progressing to ESRD, but are asymptomatic to the worsening of renal function [7] . It is difficult for both patients and physicians to recognize the true severity of ongoing kidney dysfunction. In patients with severely impaired kidney function, treatment options for hyperglycemia are limited because of drug metabolic Uric acid (mg/dL) 5.8 ± 1. Renal Effects of SGLT2-Inhibitors in DM and CKD J Clin Med Res. 2019;11(4):267-274 pathways, side effects, and the risk of hypoglycemia [8, 9] . Glucose-lowering therapies that have renoprotective effects are considered to have important additional clinical effects and advantages regarding the comprehensive management of T2DM [6, 10, 11] . A recent randomized placebo-controlled trial showed that the risk of acute kidney injury does not increase during SGLT2 inhibition [15] , suggesting a good safety profile for kidney function with this therapy. The annual decline in eGFR is a clinically useful biomarker that reflects dynamic and time-dependent changes in renal function [4] . Compared with the general population, T2DM patients have been shown to present with increased rates of annual decline in eGFR [4] . Additionally, patients with higher 1-year rates of decline in eGFR (over 7.5%) are considered "rapid eGFR decliners", and are associated with poor renal prognosis in patients with T2DM [5] . In the present study, patients with CKD stages 3b-4 had elevated rates of annual decline in eGFR (-3.8 mL/min/1.73 m 2 per year), consistent with the "rapid eGFR decliners" during the pretreatment period of SGLT2 inhibitor therapy. Our results showed that the add-on of SGLT2 inhibitor therapy significantly flattened the slope of decline in eGFR, suggesting it has potential renoprotective effects even in patients complicated with severely impaired renal function. Because SGLT2 inhibitor therapy held the eGFR almost constant for 1 year, the time period before renal replacement therapy can be extended. When advanced renal dysfunction such as in CKD stages 3b-4 is initially detected clinically, we believe it may not be too late to intervene in the preservation and improvement of kidney function with the addition of SGLT2 inhibitors. Within the next decade, it may be possible to preserve eGFR levels following the initiation of SGLT2 inhibitor therapy, potentially avoiding or delaying the progression to ESRD and the need for hemodialysis. It is well established that higher amounts of urinary protein excretion reflecting glomerular injury have been associated with the rapid development of progressive kidney dysfunction in patients with CKD [7, 20] . The present results demonstrated that SGLT2 inhibitor therapy significantly decreased urinary protein excretion in patients with T2DM and CKD stages 3b-4, demonstrating the ability of SGLT2 inhibitors to improve pre-existing glomerular damage. Recent studies suggested potential mechanisms for the renoprotective effects of SGLT2 inhibitors such as through improvement of podocyte damage [21] and mitochondrial function [22] , and reduction of oxidative stress [23] and inflammation [24] in the kidney. Dapagliflozin was also shown to ameliorate microvascular endothelial dysfunction [25] . Furthermore, it is widely believed that SGLT2 inhibitors may be beneficial for renal protection in both patients with T2DM and non-DM-CKD, as demonstrated from the ongoing renal outcomes study (NCT03036150; DA- Among the patients with T2DM in the present study, there were 15 patients with CKD stages 3b-4 and no proteinuria (35.7%). These patients were recognized as having diabetic kidney disease with atypical features, who were in the process of developing classical diabetic kidney dysfunction (diabetic nephropathy) associated with increased albuminuria and proteinuria [11, 26] . Interestingly, according to the subgroup analysis, we found that SGLT2 inhibitor therapy resulted in a significant improvement in the annual decline in eGFR in the patients without proteinuria. This suggests SGLT2 inhibitors exert protective effects on glomerular function while preserving eGFR through mechanisms independent of decreasing urinary protein excretion.
Compared with patients with normal kidney function, the glucose-lowering effect of SGLT2 inhibitors in advanced CKD patients was decreased [17] . Based on this lower efficacy, SGLT2 inhibitors are not clinically recommended for the treatment of T2DM patients with severely impaired renal function (eGFR < 45 mL/min/1.73 m 2 ) [16, 18] . Therefore, the clinical effects of these inhibitors, including their ability to preserve renal function, remain incompletely understood in T2DM patients with advanced CKD. In the present study, we found that the glucose-lowering effects of SGLT2 inhibitors as assessed by changes in HbA1c levels were attenuated. Moreover, the effects of SGLT2 inhibitor therapy on renal function, body weight, hemoglobin, hematocrit, and blood pressure persisted in T2DM patients with severe CKD, suggesting the presence of additional renoprotective mechanisms independent from glycemic control that are likely to be involved in SGLT2 inhibitor therapy in T2DM patients with severely impaired renal function. We propose that SGLT2 inhibitors should be considered and used primarily for their renoprotective effects, rather than for lowering blood glucose levels in T2DM patients with CKD.
This study had several limitations including the small sample-size and relatively short study period in the single center. There is selection bias in this study because the proportion of patients with SGLT2-inhibitor relative to all diabetic patients was extremely low and patients undergoing proteinuria measurement at the follow-up further decreased. The present study was retrospectively designed and the study protocol was not prospectively controlled. Thus, the evidence level of this study is not enough. Further prospective, detailed, large, and longer studies focusing primarily on patients with advanced CKD (stage 4) with a multicenter design are required to validate the effects of SGLT2 inhibitor therapy on the improvement of renal function as shown herein. The detailed molecular mechanisms underlying SGLT2 inhibitor-induced improvements in renal function could not be determined in the present clinical study and should be investigated in future studies.
Conclusions
This study provided promising results for the use of SGLT2 inhibitors as add-on treatment in patients with T2DM with renal function impairment. The treatment had significant renoprotective effects, notably improvements in annual decline in eGFR and urinary protein excretion. However, the therapy did not sufficiently reduce HbA1c levels in T2DM patients complicated with moderate-to-severe CKD. Further prospective clinical trials are warranted to fully elucidate the clinical effects of SGLT2 inhibitors on glycemic control and renal function in T2DM patients with renal impairment. 
